Characterization of the vulnerability of water bodies to pollution from natural and anthropogenic sources requires understanding the relationship between land use and water quality. This study aims (i) to explore the influence of upstream land use on annual stream water concentrations and loads of total nitrogen (TN) and phosphorus (TP) and (ii) to characterize the vulnerability of water bodies to TN and TP pollution as a function of land use under varying climatic conditions. Multiple linear regression models were used across 23 stream locations within the Jordan Lake watershed in North Carolina between 1992 and 2012 to explore land use-water quality relationships. The percentage of urban land use and wastewater treatment plant capacity were the most important factors with strong (R 2 > 0.7) and significant (p < 0.01) positive correlations with annual TN and TP concentrations and loads. Percent agricultural land was negatively correlated with TN in 18 out of 21 yr of the study period. Using analysis of covariance, significant (p < 0.01) differences were determined between models developed for urban land use with TN and TP loads based on annual precipitation. Using concentrations instead of loads resulted in a nonsignificant difference between models for average and wet years. Finally, a procedure was developed to characterize the vulnerability to TN and TP pollution, computed as the probability of exceeding the nutrient standard limits. Results indicated that the vulnerability to TN and TP was controlled primarily by urban land use, with higher values in dry years than normal and wet years.
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The Relationship between Land Use and Vulnerability to Nitrogen and Phosphorus Pollution in an Urban Watershed
Ali Tasdighi,* Mazdak Arabi, and Deanna L. Osmond T he study of relationships between land use and water quality is essential in exploring the vulnerability of water bodies to a variety of pollution sources. Investigation of land use-water quality relationships is particularly useful in the case of pollution from diffuse urban and agricultural sources (Baker, 2003) . An important outcome of such analyses is the understanding of relative contributions from different nonpoint sources in the degradation of downstream water quality conditions.
Regression-based models have been used in many studies for assessing the relationship between land use types and stream water quality. The majority of these studies conclude that strong and significant correlations exist between water quality parameters and different land use types (Mehaffey et al., 2005; Stutter et al., 2007; Williams et al., 2014) . Some studies concluded that percentage of agriculture land use has a strong influence on nitrogen (N) levels in stream water ( Johnson et al., 1997; Smart et al., 1998) . Similar results were obtained for phosphorus (P) (Hill, 1981; Arheimer and Liden, 2000) and sediments (Allan et al., 1997; Johnson et al., 1997) . In contrast, some studies have demonstrated that stream water nutrient levels were a function of percentage of urban land use (Osborne and Wiley, 1988; Sliva and Williams, 2001) . While these studies agree that anthropogenic activities (e.g., urban development, agriculture) have a negative impact on stream water quality, there is not a consensus about which activity (urban development or agriculture) has the dominant impact in a mixed land use watershed.
The majority of the studies that have used regression-based models for linking land use to stream water total nitrogen (TN) and total phosphorus (TP) levels have used some statistical measure (annual median or mean) of concentration (Zampella et al., 2007; Williams et al., 2014) . Some studies have used flow-weighted concentrations or loads of nutrients ( Jordan et al., 1997; Ahearn et al., 2005) . A remaining key question in unveiling the relationship between land use and water quality is whether these relationships are affected by using calculated loads or measured concentrations. This could be particularly important in the case of nonpoint sources during wet years due to higher volumes of surface runoff.
Climate is a key factor in the variability of nutrient loadings from nonpoint sources. Hence, deriving the land use-water quality relationships for a small period of time with low variability of climatic conditions can lead to misleading and biased results. Several studies have performed their analysis only for a specific season, arguing that maximum interaction between land use and stream water occurs during wet seasons (Bolstad and Swank, 1997; Basnyat et al., 1999; Arheimer and Liden, 2000) . Other studies have conducted their analysis for different seasons, deriving separate correlations (Osborne and Wiley, 1988; Johnson et al., 1997) . While the seasonality aspect of the analysis has been addressed in some studies, the effects of interannual climate variations (wet and dry years) still remain largely unclear. This is particularly important in regions where climate variability is substantial.
Vulnerability to water quality pollution is a function of ambient contaminant levels (loads or concentrations), as well as the assimilative capacity of the water body. Nutrient targets are developed to maintain or restore physical, chemical, and biological integrity of the water bodies. Hence, a proper characterization of vulnerability to nutrients must incorporate the relationship between land use and ambient water quality, and the likelihood of exceedance of desired standards under varying climatic conditions. Williams et al. (2014) developed a statistically rigorous procedure for the determination of sample size requirements for assessing compliance and noncompliance with desired instream TN and TP standards. However, the vulnerability to exceedance of nutrient targets with changing land use has not been examined.
The Jordan Lake reservoir in North Carolina has been declared as hypereutrophic since its impoundment due to receiving high loads of N and P (North Carolina Department of Environment and Natural Resources; NCDENR, 2007) . Reduction goals were set for TN and TP delivered to the lake by the NCDENR (NCDENR, 2007) . Various point and nonpoint sources of nutrients (urban development and agriculture) are required to reduce their loads to meet the reduction goals. In this regard, understanding land use-water quality relationships and the vulnerability of water bodies to TN and TP as a function of land use can be beneficial in selecting TN and TP standard goals.
This study investigates the relationship between components of land use and stream water TN and TP levels in the Jordan Lake watershed under varying climatic conditions. The specific objectives are (i) to identify the variability of annual TN and TP levels in streams in response to spatial and temporal changes in land use and climate influences, (ii) to determine the effects of using TN and TP calculated loads versus concentration measurements on land use-water quality relationships, (iii) to explore the effects of interannual climate variations (i.e., precipitation) on the land use-water quality relationships, and (iv) to determine the vulnerability to exceeding ambient TN and TP targets as a function of land use and climate variability.
While a number of previous studies have examined the relationship between land use and water quality, the characterization of these relationships under varying climatic conditions using both loads and concentrations of TN and TP is a major contribution of this study. More importantly, a rigorous statistical procedure is used to characterize how vulnerability to TN and TP pollution changes with varying percentage of urban land use.
Materials and Methods

Study Watershed
The Jordan Lake watershed, located in the central part of North Carolina within the Piedmont region, drains an area of 4367 km 2 . The watershed is comprised of three subbasins: Haw, Upper New Hope, and Lower New Hope, covering 80, 13, and 7% of the total watershed area, respectively (Fig. 1) . The Jordan Lake watershed has a land use composition of 46% forest, 21% urban or suburban, and 22% agriculture, of which >90% is pasture based on the 2011 National Land Cover Database (NLCD). Upper New Hope is heavily urbanized, while Lower New Hope is being rapidly developed at suburban residential densities. Fourteen wastewater treatment plants (WWTP) with individual mean annual effluents larger than 0.2 million L d −1 , discharge into the main streams and tributaries of Jordan Lake watershed. There are 32 permitted animal feeding operations (AFOs) within this watershed (Fig. 1) .
While there are no distinct wet or dry seasons in the Jordan Lake watershed, average rainfall varies throughout the year. Summer precipitation is normally the highest, and autumn is the driest season. The average yearly precipitation is 1057 mm. From 1992 From through 2012 From , 2001 was the driest year (853 mm) and 2003 had the highest precipitation (1815 mm) (NOAA, 2013) .
The watershed was divided into 23 subbasins based on the location of water quality monitoring stations and including a range of different characteristics, such as size, land use, WWTP capacity, and AFO capacity. Five out of the twenty-three water quality monitoring stations had streamflow measurements (USGS gages, Fig. 1 ).
Geospatial Analysis
ArcSWAT 2012 (USDA-ARS, 2014) was used to delineate subbasins and stream networks in the study area using one-third arc-sec (10 m) Digital Elevation Model (DEM) of the watershed and a high-resolution National Hydrography Dataset (NHD) from the USGS. Outlets of the subbasins were selected at water quality monitoring stations. For each subbasin, land use compositions, WWTP capacity, and AFO capacity were quantified ( Fig. 1) . The NLCD 1992 , 2001 , 2006 were used as land use data. The data for WWTPs and AFOs were collected from the NCDENR (NCDENR, personal communication, 2013) . The AFOs in Jordan Lake watershed are mostly cattle and/or swine operations. For consistency in counting the animals across the subbasins, the number of swine was converted into the equivalent number of cattle based on the average weight of the animal (average live cattle weight ~ 5.5 ´ average live swine weight; USDA-ERS, 2014).
Water Quality Data
The Jordan Lake watershed has been monitored extensively since the impoundment of Jordan Lake in the 1980s. Water quality data is primarily collected by the NCDENR (Division of Water Resources Ambient Monitoring System, AMS) and is stored on the EPA STORET database, available for public access (NCDENR, 2013) .
Nutrient (nitrate plus nitrite [referred to as inorganic N hereafter], total Kjeldhal N, and TP) concentrations were collected from EPA STORET for 23 sites shown in Fig. 1 . Total N was computed by adding inorganic N and total Kjeldhal N. The 1992 to 2012 period was selected for the analysis based on highest sampling frequencies and available land use data. This time frame also covers a wide range of climatic variation, including dry, average, and wet years. While the majority of the stations had at least one observation per constituent per month, some stations had biweekly data. The biweekly and monthly observations were used to generate average annual concentrations.
Hydrologic Modeling
Five out of twenty-three monitoring stations included daily stream discharge data ( Fig. 1 ). For the other stations, the Soil and Water Assessment Tool (SWAT, version 2012) model was used to simulate streamflow. The Soil and Water Assessment Tool is a continuous-time, semidistributed, process-based watershed model that has been used in the literature extensively for simulating hydrologic and water quality processes (Gassman et al., 2007; Arnold et al., 2012; CARD Staff, 2016) . The model has the capability to run on daily time step at the watershed scale and has a reasonable setup and run time.
The model was calibrated and tested for daily streamflow at five stations where measurements of streamflow were available. Dynamically Dimensioned Search (DDS; Tolson and Shoemaker, 2007) was used as the calibration engine. Dynamically Dimensioned Search is a simple stochastic neighborhood search algorithm used for locating best parameter sets within a userdefined maximum number of model iterations frequently used for calibrating SWAT (Tolson and Shoemaker, 2007; Ahmadi et al., 2014; Yen et al., 2014) . Nash-Sutcliff coefficient of efficiency (E NS ; Nash and Sutcliff, 1970) and percent bias (PBIAS) were used to evaluate the performance of the model.
Relative error (RE) and coefficient of determination (R 2 ) were also used as additional model performance evaluation indices. The model was calibrated at the outlet of the whole watershed for 1992 to 2007 with a 2-yr warmup period (to reach a state of statistical equilibrium before using the model for simulation during target period).
The calibrated model was then tested for the 2008 to 2012 period and at several other locations inside the watershed where limited observations were available. Evaluation of the model performance was conducted according to the criteria presented in Motovilov et al. (1999) , Engel et al. (2007) , and Moriasi et al. (2007) . According to these criteria, the performance of the model for simulating daily streamflow may be considered good when E NS > 0.75 and |PBIAS| < 10%. Model performance may be considered satisfactory when E NS varies between 0.36 and 0.75, while PBIAS varies between ±10 and ±25%. A coefficient of E NS < 0.36 with |PBIAS| > 25% indicates unsatisfactory performance of the model.
Statistical Analysis
Average annual concentration of TN and TP were calculated using the biweekly and monthly data available for each of the 23 stream locations for the analysis period. The frequencies of nondetect values for some of the stream monitoring locations were between 5 and 30%. For stations with nondetect values, regression on order statistics was used to estimate the mean and median of annual concentrations (Helsel, 2005) using ProUCL 5.0 (USEPA, 2013; Lockheed Martin IS&GS-CIVIL).
The USGS load estimator model (LOADEST; Runkel et al., 2004 ) was used to generate monthly and annual TN and TP loads. The inputs to the model are TN and TP concentrations and stream discharges. The LOADEST model provides options for fitting several regression models to data for estimating constituent loads (USGS, 2013) . The adjusted maximum likelihood estimation (AMLE) method provided the best error statistics for the fitted models and thus was selected for load estimation. 
Analysis of Land Use-Water Quality Relationships
Multiple linear regression (MLR) models were developed to explore the relationship between land use and nutrient loads and concentrations:
where X is the matrix of independent variables,Ŷ is the response variable, b denotes the vector of MLR coefficients, and e represents model residuals or errors. Assuming that model residuals are normally distributed with mean zero and unknown but constant standard deviation, s e , the variance of the model response at a particular point x 0 , is:
In the present study, the independent variables (X) were components of land use, including percent urban (% urban), agricultural (% agriculture), and forested (% forest) lands, and anthropogenic factors, including capacities of WWTPs and AFOs. The capacity of WWTPs (daily discharge) in million liters per day and AFOs (number of animals) represent cumulative upstream characteristics and increase from upstream to downstream locations. To reduce the multicollinearity between anthropogenic factors, the WWTP and AFO capacities in each subbasin were normalized by the area of the subbasin. A similar approach has been used by Williams et al. (2014) in their study. They normalized the AFO and WWTP capacities by distance to reduce the cumulative characteristics and multicollinearity.
Total N and TP concentrations and loads tend to follow lognormal distributions (Kutner et al., 2005; Williams et al., 2014) . A log transformation of exploratory and response variables was used prior to regression analysis to reduce deviation from normality. The MLR models were developed in MATLAB (MathWorks, 2012) . To have valid MLR models, several assumptions have to be met (Kutner et al., 2005 ). These assumptions were tested using different diagnostic statistical tests, and the results are included in the results section.
Characterization of the Vulnerability to Nutrient Pollution
The vulnerability to TN and TP pollution was characterized as the probability of exceeding their corresponding standard targets. Assuming the MLR response variable (i.e., log-transformed concentrations or loads are normally distributed with mean and variance, as in Eq. [1] and Eq. [2]), the vulnerability at a given point x 0 for a desired target S can be written as:
where F() is the non-exceedance probability of the standard normal variable. Note that P in Eq.
[3] stands for probability.
The Role of Climatic Variability on the Relationship between Land Use and Nutrient Levels
Analysis of covariance (ANCOVA) was used to examine the effects of climate (i.e., precipitation) variability on regression models. Precipitation data for the watershed were collected from NOAA National Climatic Data Center. Years of analysis were categorized into dry, average, and wet, based on average annual precipitation, and are referred to as climate scenarios. The years with precipitation below a threshold (1000 mm), selected based on the long-term average annual precipitation of the study watershed, were categorized as "dry." The years with precipitation between 1000 and 1200 mm were classified as "average" years, and any year with precipitation >1200 mm was categorized as a "wet" year. For the analysis, percent urban and percent agriculture land areas were set as the continuous independent variables and dry, average, or wet year as the categorical independent variable. Annual concentrations and loads of TN and TP were selected as the response variables. The ANCOVA model is written as:
where ,i j Y is the jth TN or TP concentration or load for the ith group (dry, average, or wet year), X i,j is the jth land use (covariate) for the ith group in percent, Ŷ and b are the model global mean and slope, and m and q are the correction terms for the model mean and slope, respectively. The constraints for terms m and q in the ANCOVA model are
The term e is the error term, which is assumed to be normally distributed with mean zero and an unknown but constant standard deviation of s e ; i.e., . After the models were developed, a multiple comparison test was performed to determine the significance of the difference between the regression models.
Results and Discussion
Calibration and Testing of the Hydrologic Model
The calibration of the SWAT2012 model developed for simulating daily streamflow at subbasin outlets had very good results in terms of error statistics and model performance factors such as E NS , PBIAS, RE, and R Supplemental Table S1 . Figure 2 shows the median and variation of average annual concentrations and loads of TN and TP, along with composition of land use, for each subbasin. A visual trend between percent urban land use and TN and TP concentrations and loads can be observed. As illustrated in Fig. 2 , subbasins with a higher percentage of urban land use showed a higher median and variability of TN and TP concentrations and loads. Land use compositions across subbasins indicate that the exchange of land use is primarily between urban and agriculture. Percent forest land indicated neither a strong nor a significant correlation with nutrient concentration or loads, and it was excluded from the MLR models.
The Relationship between Land Use and Water Quality
Land use and related anthropogenic parameters in the Jordan Lake watershed were strongly and significantly correlated (R 2 > 0.7, p < 0.05). Hence, to account for strong correlation between land use components, either percent urban land with normalized AFO capacities or percent agricultural land with normalized WWTP capacities was used as the independent variable in the MLR models. Twenty-one MLR models were developed corresponding to each year in the 1992 to 2012 period.
Strong and significant (R 2 > 0.7, p < 0.01) relationships were evident between land use types and TN and TP concentrations and loads in all cases, with the exception of TP loads and concentrations for the year 2010 (R 2 = 0.25 and R 2 = 0.47 for models with percent urban-AFO and R 2 = 0.41 and R 2 = 0.53 for models with percent agriculture-WWTP). Tables 1 and 2 provide a summary of the MLR analysis, along with results of various diagnostic statistical tests for assumptions in linear regression. A few of the models (<5%) did not pass some of the diagnostic statistical tests for assumptions in linear regression and were excluded from the analysis.
The regression model coefficients for percent urban-AFO capacity models are provided in Table 1 . Percent urban land was the significant (p < 0.01) and dominant factor, positively correlated with both TN and TP loads and concentrations in all years. Animal feeding operation capacity was not a significant (p > 0.01) predictor in >80% of the models for TN loads and concentrations. However, it was significant (p < 0.01) in >70% of the models for TP loads and concentrations. Similar results were reported by several studies finding urban land use to be the primary factor influencing TN and TP (Osborne and Wiley, 1988; Tong and Chen, 2002; Schoonover et al., 2005; Mouri et al., 2011; Tu, 2011) . In general, the effects of urban land on water quality were higher during dry years (Supplemental Table  S2 ). This reasons that pollutant loadings from diffuse sources are typically insignificant due to low surface runoff during dry years.
Conversely, significant (p < 0.01) negative correlations were evident between percent agriculture and TN responses (concentrations or loads) in percent agriculture-WWTP capacity models (Table 2 ). However the correlation between percent agriculture and TP loads and concentrations was positive in half of the models. Wastewater treatment plant capacity was a significant (p < 0.01) factor, positively correlated with both TN and TP loads and concentrations in all models. Similar results have been reported in other studies where agriculture had a nonsignificant effect on the land use-water quality regression models (Schoonover et al., 2005; Mouri et al., 2011) . Other studies indicated that agriculture significantly affects water quality ( Jordan et al., 1997; Liu et al., 2000; Mehaffey et al., 2005; Tu, 2011) . In all the studies where agricultural land had a strong and significant correlation with TN and TP, the percentage of the agriculture land use was much higher than the urban land use and most of the agriculture was cropland. For WWTP capacities, model coefficients were 5% higher, on average, during dry years Table S3 ).
A primary transport mechanism for P is erosion and sediment transport (Emsley, 1980) . In the Jordan Lake watershed, the monthly TP loads were significantly (p < 0.01) correlated with total suspended solids (TSS) loads (Supplemental Table  S4 ). Interestingly, the strength of the correlations (in terms of R 2 ) between monthly TP and TSS loads increased as percent agricultural land increased. This finding indicates that, in the Jordan Lake watershed, soil erosion and sediment conservation practices could serve benefits for TP pollution control, specifically in areas with a higher percentage of agricultural land use.
The Effects of Interannual Variability of Precipitation on Land Use-Water Quality Relationships
The ANCOVA results indicated a significant (p < 0.01) difference between the slopes of regression models with percent urban land using TN and TP loads based on climate scenarios. Models for dry and wet years had the steepest and mildest slopes, respectively, while the models for average years had intermediary slopes (Fig. 3) . Thus, an equal increase in percent urban land use resulted in higher increases in loads during dry years compared with wet or average years (Fig. 3) .
For models developed for percent urban land with TN and TP concentrations, the difference between the model slopes for average and wet years was not significant (p > 0.01). Also, the difference between the slopes for wet and dry years is diminished and less than the case with loads (Fig. 3) . This is an important outcome, since it accentuates the importance of differentiating between loads and concentrations when investigating nonpointsource pollution under variable climatic (i.e., precipitation) conditions. Table 3 summarizes the results for ANCOVA models.
The difference between the slopes for models with percent agriculture was not significant for different climate scenarios (Fig. 4) . However, the models developed based on loads produced better results in terms of correlation strength, especially for TP loads. This is congruent with the findings in previous sections that agriculture has a small impact on the water quality conditions in the Jordan Lake watershed. Ahearn et al. (2005) found stronger (higher R 2 values) correlations between human population densities and nitrate N loads table 1. Summary of multiple linear regression (Mlr) analysis for models developed with exploratory variables, percent urban land (% urb) and animal feeding operations (AfOs) capacities. % urb and AfO are the model coefficients for percent urban land use and capacity of AfOs, respectively. P f is the p-value for significance of the model, Vif is the variance inflation factor for testing multicollinearity, P l is the p-value for the lilliefors test for normality, P SW is the p-value for the Shapiro-Wilk test for normality, P Bf for the Brown-forsythe test for homoscedasticity, and P DW for the DurbinWatson test for randomness of residuals.
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AfO R during the dry year compared with the wet year, accompanied with a lower impact of percent agriculture. Osborne and Wiley (1988) found the nitrate concentrations in stream water to be correlated with urban land use during dry seasons and conversely correlated with agriculture land use during high-flow seasons. With regard to loads and concentrations, it should be noted that, while using loads can help distinguish between wet and dry hydrologic years, it also introduces higher errors inherent in the process of calculating the loads. Regression-based load estimation methods like LOADEST can improve the accuracy of load estimation and reduce the bias involved by incorporating the full streamflow time series and concentrations, compared with the case where individual observations of streamflow are simply multiplied by related concentration to compute the loads.
In general, in the Jordan Lake watershed, impact of agriculture on nutrient levels seems to be spurious. An explanation can be the relatively low agricultural activities in the watershed that resulted in low impact from this section. Baker (2003) states in his commentary that, in general, as soon as urban land use increases beyond a small percentage of total cover (~5%), the impact of urban land use on water quality dominates agricultural impacts. Based on land use analysis in the Jordan Lake watershed, >90% of the agriculture land use is pasture where no significant amounts of fertilizers are applied compared with cropping systems (Osmond et al., 2014) . Hence, low yields of TN and TP from agriculture can be another cause of low contribution from agriculture in the Jordan Lake watershed. Furthermore, a review of land use compositions across subbasins reveals that the exchange of land use is primarily between urban and agriculture (Fig. 2) . In other words, higher percentages of agricultural land use is often accompanied by lower percentages of urban land use, and since urban land use had a significantly higher impact on water TN and TP levels, shifting from urban to agriculture will result in lower levels of these nutrients.
Effects of Land Use and Climate Conditions on Vulnerability to Exceeding the Nutrient Targets
Vulnerability to exceeding the TN and TP limits was influenced substantially by both percent urban land use and climate variability. Since agriculture land use was negatively correlated with TN and TP loads and concentrations, it was excluded from the vulnerability analysis. Figure 5 illustrates the vulnerability curves for TN and TP as a function of percent urban land use for different climatic conditions. In general, it can be observed that even small percentages (<10%) of urban land use can result in high vulnerability (>0.75) to TN and TP (Fig. 5) . As TN and TP targets get more stringent, smaller percentages of urban land use can cause higher levels of vulnerability. This is while, with more relaxed targets, higher increases in percent urban land are required to increase vulnerability to TN and TP.
During dry years, even for the less stringent nutrient targets, increases as small as 5% in urban land use percentages result in substantial increases (>50%) in the vulnerability to TN and TP. This is in accordance with findings in previous results, indicating that urban land use had the highest impact during dry years. For average and wet years, higher increases (10-40%) in urban land use are required to increase the vulnerability by 50%, especially for more relaxed targets (Fig. 5) .
Conclusion
This study revealed that, strong (R 2 > 0.7) and significant (p < 0.01) positive correlations exist between percent urban land use and annual TN and TP concentrations and loads in the Jordan Lake watershed. Agricultural land use was determined to be negatively correlated with TN and TP in most years. The negative correlation of agricultural land use with TN and TP is explained by the relatively low agricultural activities compared with urban development and exchange of land use between these two sectors in the Jordan Lake watershed. Further analysis showed significant correlation between TP and TSS loads, which tend to become stronger as percent agriculture land increased. This finding indicates that, in the Jordan Lake watershed, TP conservation practices that are based on sediment reduction will probably be more effective in areas with a higher percentage of agricultural land use.
Interannual precipitation variations had an important effect on land use-water quality analysis. Using TN and TP loads, significant (p < 0.01) differences were observed between regression models based on climatic conditions (determined by the amount of annual precipitation). Using concentrations resulted in nonsignificant differences between average and wet years. This outcome has important implications for selecting between loads and concentrations, as well as a time frame for land use-water quality analyses.
Percent urban land use and climate variability had a profound effect on the vulnerability of stream water to exceeding the TN and TP targets. While urban land use was substantially influencing the vulnerability to exceeding the targets, climate conditions played an important role in determining the extent of the impact. During dry years, a 5% increase in urban land use percentage results in substantial vulnerability to TN and TP, while for average and wet years, a 10 to 40% increase in percent urban land use is required to reach the same level of vulnerability.
